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Assessment of the microbial safety of water resources is among the most critical
issues in global water safety. As the current detection methods have limitations such
as high cost and long process time, new detection techniques have transpired among
which microfluidics is the most attractive alternative. Here, we show a novel hybrid
dielectrophoretic (DEP) system to separate and detect two common waterborne
pathogens, Escherichia coli (E. coli), a bacterium, and Cryptosporidium parvum
(C. parvum), a protozoan parasite, from water. The hybrid DEP system integrates a
chemical surface coating with a microfluidic device containing inter-digitated micro-
electrodes to impart positive dielectrophoresis for enhanced trapping of the cells.
Trimethoxy(3,3,3-triffuoropropyl) silane, (3-aminopropyl)triethoxysilane, and poly-
diallyl dimethyl ammonium chloride (p-DADMAC) were used as surface coatings.
Static cell adhesion tests showed that among these coatings, the p-DADMAC-coated
glass surface provided the most effective cell adhesion for both the pathogens. This
was attributed to the positively charged p-DADMAC-coated surface interacting elec-
trostatically with the negatively charged cells suspended in water leading to increased
cell trapping efficiency. The trapping efficiency of E. coli and C. parvum increased
from 29.0% and 61.3% in an uncoated DEP system to 51.9% and 82.2% in the
hybrid DEP system, respectively. The hybrid system improved the cell trapping by
encouraging the formation of cell pearl-chaining. The increment in trapping effi-
ciency in the hybrid DEP system was achieved at an optimal frequency of 1 MHz
and voltage of 2.5 V,, for C. parvum and 2 V,,, for E. coli, the latter is lower than
2.5 Vp, and 7 Vo, respectively, utilized for obtaining similar efficiency in an
uncoated DEP system. © 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4922276]

I. INTRODUCTION

Water safety is indubitably a global public health issue. One of the main concerns in water
safety is the pollution of water resources by fecal originated microorganisms. In the aspect of
assessing microbial safety of water resources, fecal coliform bacterium such as Escherichia coli
(E. coli) and protozoan parasite such as Cryptosporidium parvum (C. parvum) are two of the
most commonly used indicators to determine the quality of drinking water.”> Current pathogen
detection using culture dependent methods and immunoassay-based techniques are time consum-
ing and expensive. Furthermore, the trend in miniaturization has generated greater efforts in
microfluidic separation techniques, as they have numerous advantages such as reducing the
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analysis time and less consumption of sample/reagent in addition to portability.” Dielectrophoresis
(DEP) is among the most utilized microfluidic methods for cell detection, separation, and sorting.
DEP phenomenon involves exerting non-uniform electric field (usually generated by an AC cur-
rent) on cells and is capable of separating unlabeled cells at even rare concentrations.* Apart
from performing the cell manipulation in label-free manner, DEP has potential to substitute well-
known cell separation methods such as centrifugation, filtration, and fluorescent- and magnetically
activated cell sorting.

There are various DEP-based methods reported in literature to detect and remove E. coli
and C. parvum from water, such as insulating-based DEP (iDEP) that has the drawback of non-
continuous processing of samples.””’ This method can possibly lead to disturbed cell capture
owing to electrothermal rotation as well as bubble generation attributable to joule heating, both
as the result of application of high DC voltage.® In addition, iDEP methods, as well as continu-
ous DEP trapping approaches’ '? and even electrophoresis-based cell separation system,'” can-
not deal with constraint of varying conductivity (i.e., varying ionic strength and pH) of water
samples faced in the real-world applications.®'*

The DEP performance in providing a selective detection and trapping of the microorganism
in water medium can be enhanced by the utilization of surface chemistry to alter the wettability
and properties of the microchannels. The use of surface chemistry can aid in achieving better
adhesion of the biomolecules to the microchannel surfaces. There is a notable challenge to sus-
tain satisfactory physical interaction between the bioparticles, such as cells, and surfaces to sup-
port proper binding.'> One of the common methods of surface modification to enhance cell ad-
hesion is immuno-assisted surface coating, i.e., the use of immobilized antibodies to trap
targeted cells.'®!” Although this method is selective, it is laborious, time-consuming, expensive
owing to the high cost of antibodies, and lack of proper orientations of antibodies for the effec-
tive binding of cells. Besides, this method yields low trapping efficiency of cells, e.g., as low
as 0.01% to 16% for E. coli due to slow diffusion of cells toward immobilized antibodies."®
Using DEP can enhance the immune capturing of targeted bacterial cells significantly including
E. coli, Listeria monocytogenes, and Salmonella.'® However, it has the same shortfalls on the
cost and the antibody orientation. In addition, they are not suitable for the application of trap-
ping multiple cells present in one sample suspension such as a biologically contaminated water
sample due to the antibody specificity. Despite having the same shortfall, the DEP enhanced
immune capturing and separation of mammalian cells has been reported for circulating tumor
cells'®" and leucocytes,* where both negative DEP (n-DEP) and positive DEP (p-DEP) were
used to prevent or promote the capture of the target cells at specific frequencies.

The other well-known surface modification to improve cell adhesion is chemical coating
surfaces with silane-bearing compounds and polyelectrolytes. It can result in a highly adhesive
surface, effective in cell capturing via non-specific binding due to changes in surface wettability
or surface charge.””?* Such surface modifications are not only inexpensive but also readily
available and can be used to trap different types of cells. In a study by van der Mei et al., sur-
face coating using polydiallyl dimethyl ammonium chloride (p-DADMAC) yielded a positively
charged surface with improved the cell adhesion of three waterborne microorganisms including
E. coli.* In addition, Dai et al. explored the adhesion of C. parvum to (3-aminopropyl)triethox-
ysilane (APTES), fluorosilane and cationic polymer (p-DADMAC) coated particles, and found
that the adhesion of negatively charged C. parvum onto surfaces is dominated by the electro-
static interactions compared with the hydrophobic interactions.** In a flow-based microfluidic
system, the possibility of cells flowing at high velocity to contact the antibodies at the precise
orientation is low for cell-antibody interaction to occur. However, with a proper chemical coat-
ing, cells do not require to surface contact at the specific orientation for the adhesion to occur,
since the adhesion is governed by the overall cell surface charge.

Here, we introduce a novel hybrid system that couples the chemically modified surface
with DEP-induced cell trapping to continuously trap and detect water-borne pathogens. The
hybrid system contains a microfluidic device with inter-digitated microelectrodes imparting p-
DEP to enhance the trapping efficiency of continuously flowing cells through the use of the ad-
hesive surface coating. The advantage with the hybrid system is that the fabrication of
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microfluidic channel is simple, and it works in the continuous mode as opposed to iDEP meth-
ods. In addition, not being purely DEP dependent, the application of hybrid DEP system is not
confined by the various conductivity of water samples in the real world. The reason for it is
that our system incorporates the robustness of DEP force and cell trapping owing to physical
adhesion of cells to the coated microchannel surface. Furthermore, as the cell adhesion occurs
in a flow-through microfluidic system, the trapping is not limited by mass-transfer seen in the
batch systems.25 In this work, two well-known waterborne pathogens, viz., C. parvum, a proto-
zoan, and E. coli, a bacterium, were selected. Two silane-bearing agents, trimethoxy (3,3,3-tri-
fluoropropyl) silane (TriF) and APTES, and p-DADMAC, a cationic polyelectrolyte and a floc-
culant, were used for surface coating.23 The effectiveness of these coatings was investigated
through the static cell adhesion experiments. Then, DEP characterization of cells suspended in
water was performed to obtain the optimal operating frequency and minimum required voltage.
Finally, using the most effective surface coating and at the optimal frequency, the trapping effi-
ciency of cells in the hybrid DEP system was studied. The low enough voltage was chosen to
demonstrate the capability of hybrid system and this was compared with the uncoated DEP
system.

Il. THEORY

DEP is the motion of particles due to the net force exerted by the non-uniform electric
field. The DEP force experienced by a spherical particle (with the volume of vol, a relative per-
mittivity of ¢,, and an electrical conductivity of ¢,) suspended in a medium (with a relative
permittivity of ¢, and an electrical conductivity of @,,) is given by the mathematical equation®

(vol) ¢ 8mRe(fCM)V|E|2, (1

NSRON}

Fpgp =

where & is the permittivity of the vacuum, E is the amplitude of the electric field while V|E|*
is the gradient of electric field squared, and w (equal to 2nf) is the angular frequency while f
is the frequency. For a biological cell more polarizable than its suspending medium, its com-
plex permittivity is bigger than that of the medium. Consequently, Re(fcy), real part of the
Clausius-Mossotti factor (fcy), is positive and cell is pushed toward the electric field maxima.
In this case, the cell is experiencing the p-DEP which usually is the case at the low medium
conductivities. For the cell less polarizable than its suspending medium, its complex permittiv-
ity is smaller than medium’s complex permittivity. Therefore, Re(fcy/) is negative and cell is
pushed toward the region of electric field minima. In this case, the cell is under the n-DEP.
The Clausius-Mossotti factor is given by

* *
& —8m
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where &, = &&p — j % and &, = &&n — j 2. Re(fcy) is usually between —0.5 and 1.

The DEP force in x-direction can be determined for a cell with the known volume, Re(fcu)
and the electric field gradient with respect to x-direction. The gradient of electric field squared
for the inter-digitated microelectrodes located at the bottom of microchannel is calculated using
a commercial finite element package (COMSOL Multiphysics®). According to Egs. (1) and (2),
DEP force is influenced by both the applied frequency and the voltage (to generate the electric
field) as well as Re(fcy) (an indication of the relative polarizability of the particles compared
to the medium). Since cells have the different compartments with the different relative permit-
tivities and the electrical conductivities, an effective fc), is applicable for a single cell. The C.
parvum and E. coli cells can be modeled as a sphere (with radius r) and a prolate ellipsoid
(with long semi-axis @ and short semi-axis b = c), respectively.

In addition to DEP force, a flowing particle in a microchannel also experiences other forces
such as the drag force (F,), the gravitational and the buoyancy forces (F, and F;) as shown in
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Fig. 1(a). However, the gravitational and the buoyancy forces are considered to be negligible as
compared to the DEP force when the cell is small. A flowing particle through the microchannels
experiences a drag force, F,;, which is dependent on the flow regime. In microfluidics, the flow is

laminar and has a low Reynolds number less than 1.2° Thus, the drag force (F,) is calculated by
Fq=—6nfifa ul (u, — ur), 3
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FIG. 1. (a) Schematic diagram showing different forces exerted on a cell in p-DEP flow system. Fzp x, DEP force in the
x-direction; Fpgp 2z, DEP force in the z-direction; F,, drag force; F,, gravity force; F,, buoyancy force; r, cell radius; and
H: microchannel height. (b) Schematic drawing of microchannel setup with different views: 45° perspective view, top
view, and side view of the microfluidic device. The microchannel has the height of 27 um. (c) DEP integrated microfluidic
experimental set-up. A: Computer with software for viewing and controlling of the optical microscope. B: Bright field/fluo-
rescent microscope (Nikon Eclipse Ti). C: Syringe pump (KDS Scientific, USA). D: Function generator (Agilent 33522 A,
USA). E: Assembled microfluidic device with inter-digitated microelectrodes and PDMS microchannel. F: Outlet centri-
fuge tube for collection of cells.
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where p is the medium viscosity and / is the radius for a spherical cell and the short semi axis
for a prolate ellipsoidal cell (when the ellipsoidal cell is moving in parallel with its longest
axis). u, is the velocity of the particle and uy is the local flow velocity. f; and f, are the correc-
tion factors accounting for the near-wall effects and the deviation of the particle from spherical
shape (equal to 1 for a spherical cell), respectively'’

e ) . B=a, @
%m [/3 + \/ﬁ} .y
. b(K +a?/L) : - )
cfioss(®) sor(®) -oon(%)
where K= J: Vi@ + s)(bcis+ )2 +s) ©
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and 1 is the distance between cell center to channel wall. Since our microchannel also has a
large width to height aspect ratio (larger than 100), it is valid to assume that the fluid velocity
profile is parabolic in the direction of the microchannel height (z direction) as illustrated in Fig.
1(a). Besides, as the height of the microelectrodes are about 125 nm, it was assumed to be neg-
ligible against the microchannel height for the fluid flow calculations. When H, W, and Vy,,
are the channel height, width of the channel, and the volumetric flow rate, respectively, the
local parabolic flow velocity of a particle at the height of r from the bottom is*’

6r(H —r
up = (1_13714/)Vf10w- (8)

For a particle to get trapped by the p-DEP force against the fluid flow force, the DEP force
in x-direction (Fpgp,) should be greater than the drag force (Fpgp, > F,). As the particle flows
in the medium, it can be pulled downwards towards the electrodes (in the y-direction) by posi-
tive DEP. When the particle touches the electrode surface, it will stay on the electrode only if
the DEP force in the x-direction balances the fluid drag force, also in the x-direction. For a spe-
cific cell in a known medium, if the flow rate and the frequency of the electric field are known,
there is a critical voltage (release voltage) at which we can assume Fpgp = F,; Thus, when the
critical voltage is measured, Re(fcy) can be calculated as®’

dfify ulug

Re(fCM) - 8|E|2 5

&)

&0 &m (vol)
where %LJ is proportional to the square of the applied voltage (V measured as the root mean
square or Vgys). To measure the critical voltage at a specific frequency, initially particles are
captured at a voltage. The minimum voltage required to trap the cells is called as the capture
voltage and it is slightly larger than the critical voltage (release voltage) at which u, = 0. The
critical voltage (or the release voltage) is the maximum voltage at which by an incremental
decrease in voltage, the cell is released from the DEP trap. At this voltage, it is assumed that
Fpepx is balanced by Fgy. Thus, after the measurement of the critical voltages at the different
frequencies, Re(fcy) can be calculated and plotted against a spectrum of frequencies. In this
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plot, the optimal frequency is recognized as the frequency at which Re(fcy) is the largest or in
other words, the critical voltage is the smallest.

A biological cell is a complex particle and consists different compartments and internal
structures (organelles). Since cells have different compartments with the different electrical
conductivities and permittivities, an effective complex permittivity (&) is applicable for a sin-
gle cell. In addition to the heterogenous nature of the biological cells (for the DEP modelling),
they may have non-spherical shape such as bacterial cells. A single-shell model is employed to
model C. parvum, as a spherical cell (encompasses a cytoplasm and a membrane surrounding
it). The effective complex permittivity according to a single-spherical shell model, including a
cytoplasm (6., and &.y,) and a cell membrane (o, and &,.,) can be estimated as”®

. 3 * __ ok
<’2) + 2 gcyto Smem
- *
*o gk A cyta =260,

(4 mem 3 —
4 ) 8( "yto Smem
1 + 28mem

c; to

) (10)

where ¢, and ¢, are complex permittivities for the cell cytoplasm and cell membrane,
respectively. r; and r, are the radii of the core (cytoplasm) and the whole cell (including cyto-
plasm and membrane), respectively. ¢, should be replaced with ¢, in Eq. (2) to evaluate
Re(fey) for C. parvum.

E. coli is modelled as a double-shell ellipsoidal cell, as it is rod shape and entails a protect-
ing layer, called as cell wall, in addition to the cytoplasm and the cell membrane. For the non-
spherical cells, the dipole moments are different along each semi-axis. To account for different
axial polarizations, a term, called as the depolarization factor for each axis (A;y, A;y, Aj;), is uti-
lized to calculate the effective complex permittivity for each axis. As there can be a small dif-
ference in Re(fcy) of the cell in different orientations, the average value of the fcy for each
axis is used towards the calculation of Re(fcy) of E. coli through the following calculations:*’
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where A; =
Thus,
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lll. MATERIALS AND METHODS
A. Fabrication of the microfluidic chip

Patterning of the inter-digitated microelectrodes and the microchannel master mold (rep-
lica) were done through photolithography. Indium tin oxide sputtered glass wafers (ITO-glass)
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were purchased (Bonda Technology Private Ltd., Singapore). ITO was chosen for electrodes
due to its high electrical conductivity and superior transparency to observe the cell behavior
under an optical microscope. After washing the ITO-glass wafer with iso-propanol, acetone and
distilled (DI) water, it was coated with the positive photoresist AZ 2001 (Microchem Corp.,
USA) via spin coating at 1500 rpm for 30s and baked for 2min at 95°C. Next, it was exposed
to the ultraviolet (UV) light through the positive mask (IGI, Singapore) using a mask aligner
system (Karl Siiss MA4 Mask Aligner, USA) at an intensity of about 60 mJ/cm?”. Subsequently,
the exposed ITO-glass was immersed in the AZ 400K developer for 30s to dissolve away the
exposed photoresist. Finally, the ITO-glass was wet etched for about 10 min with 16% (w/v)
ferric (IIT) chloride (anhydrous, Sigma-Aldrich) in the equi-volume mixture of DI water and hy-
drochloric acid (37%, Sigma-Aldrich) to remove the unprotected regions of the ITO layer on
glass wafer. Finally, the photoresist layer was removed through immersing in acetone and
rinsed using DI water.

To fabricate the microchannel replica mold (i.e., master mold), silicon wafers were pur-
chased (Bonda Technology Private Ltd., Singapore). After washing the silicon wafer with iso-
propanol, acetone and DI water, it was coated with the negative photoresist SU-8 3025
(Microchem Corp., USA) at a spin coating speed of 3000 rpm for 30s and then pre-baked for
10min at 95°C. In the next step, it was exposed to the UV light through the negative mask
(IGI, Singapore) using the mask aligner system at an intensity of about 60 mlJ/cm?®. The
exposed silicon wafer was post-baked at 65 °C for 1 min and at 95°C for 3 min. After this step,
it was developed with the SU-8 developer for 45s. After the final baking at 100°C for 5 min,
the silicon microchannel replica mold was ready for the further use. Polydimethylsiloxane
(PDMS) mixture (Sylgard 184 silicone elastomer kit, Dow Corning, USA) was prepared by the
addition of PDMS elastomer and curing agent with 10:1 weight ratio and poured on the micro-
channel replica mold. It was vacuum dried to remove the bubbles trapped in the mixture and
then baked in an oven for 2h at 70 °C. Afterwards, the cast PDMS is peeled off from the rep-
lica mold and it cuts in proper size. Finally, the inlet and outlet holes were punched in the
PDMS microchannel and UV plasma-treated to bind it to the ITO-glass. The final channel was
about 20 mm long, 3 mm wide, and 0.027 mm high. The final schematic view of the microchan-
nel is as illustrated in Fig. 1(b).

B. Preparation of cell samples and coated surfaces

C. parvum oocysts, calf sourced, with the population of 5 x 107 in phosphate buffered sa-
line (PBS) was purchased from Waterborne, Inc. (USA). E. coli UTI89 strain (obtained from
Genome of Institute of Singapore, A*STAR) was cultured in the autoclaved Lysogeny broth
(LB). An aliquot of C. parvum in PBS/E. coli in the LB medium was spun down through the
centrifugation and was washed twice to remove any excess PBS/ LB medium. Thereafter, the
washed pellets were resuspended in DI water to obtain a concentration of about 10°/10” count
per ml which was measured by hemocytometry. Due to the small size of E. coli cells, there
was a limitation in obtaining the lower concentrations of the cells through measuring by hemo-
cytometry. To stain cells, the green fluorescent nucleic acid stain, Styo9 (Live/Dead® BacLight
Viability Kit) was incubated with them. Then, the pellets were spun down and washed, as
explained earlier, to remove the excess stain.

The surface coating agents used in this study were: APTES (99% purity, Sigma-Aldrich),
TriF (>97.0% purity, Sigma-Aldrich), and p-DADMAC (20 wt. % in H,O, Sigma-Aldrich). 1%
(v/v) and 5% (v/v) APTES and TriF solutions were prepared by the dissolution of 400 and
2000 ul APTES and TriF, respectively, in 40ml absolute ethanol. On the other hand, 500
and 1000 ppm p-DADMAC solutions were prepared by adding 104 and 208 mg of 20 wt. %
p-DADMAC in 40 ml DI water. The solutions were homogenized by vortexing.

To clean the glass substrates before the static cell adhesion test, they were sequentially
immersed in acetone, DI water, and ethanol under sonication each for 15min. They were air
dried and ready for the surface coating of APTES and TriF. For the surface coating of
p-DADMAC on glass, the cleaning steps in DI water and ethanol were reversed. The cleaned
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glass slides were soaked into the prepared coating solutions for 15, 30, or 60 min. To investi-
gate the effect of the agent concentration, the soaking time was kept at 60 min and the coating
agents with two different concentrations were tested. Subsequently, the coated glass slides were
washed with DI water to remove any excess coating and air dried. In order to evaluate the out-
come of heat curing, the glass slides coated at a lower coating agent concentration (1% for
TriF and APTES and 500 ppm for p-DADMAC) were curried overnight (8h) in an oven at
25°C and 70°C. The coated glass slides were then immersed in wells containing 3ml of the
cell suspension for 15 min with the application of the orbital agitation. Next, they were washed
with DI water to remove the unbound cells. The number of the adhered cells was counted in
the magnification fields of 40X (area of 0.00067 sz) and 20X (area of 0.00291 sz) for E. coli
and C. parvum, respectively.

The water contact angle was measured via a manual contact angle measurement meter. The
measurements were made within 10 to 30s after a drop of approximately 10 ul of DI water was
placed on the surface of the uncoated and the coated glass substrate by a micro-syringe. Three
measurements were taken for each sample, and the same sample was prepared twice again inde-
pendently to obtain a total of 9 measurements.

C. Experiments
1. Determination of the capture and critical voltages

A 1 mm wide microchannel was fixed on the optical microscope stage. The wires linked to
the microelectrodes were connected to the electric signal generator. The experimental setup for
the conduction of the experiments is schematically shown in Fig. 1(c). The prepared sample of
C. parvum/E. coli cells was pumped into a microchannel by a syringe pump. In the microchan-
nel, the cells are flown perpendicularly at a small flow rate of 50 ul/h (low enough to better
observe cell behavior) over the inter-digitated microelectrodes situated at the bottom of the
microchannel. Cell behavior was observed via the bright field microscope when they were flow-
ing over the first few inter-digitated microelectrodes in the middle of the microchannel. After
choosing a specific frequency, the voltage was slowly increased by 0.1 Vp, increments until a
capture voltage was reached where the first few cells were trapped by the electrodes.
Thereafter, the voltage was slowly decreased until the voltage at which the same cells were
released from the electrodes. This voltage was recorded as the critical voltage. The capture vol-
tages and the critical voltages (release voltages) were recorded for the different frequencies in
the range of 50 kHz to 30 MHz. At each frequency, five capture and five release voltages (or
critical voltages) were obtained in three independent experiments using different batches of cul-
tured cells.

2. Experiments with the uncoated DEP system

The prepared water sample of E. coli/C. parvum cells was pumped into a wider microchan-
nel of 3mm by a syringe pump. A higher flow rate of 100 ul/h was used to increase the
throughput volume per unit time. After setting the frequency and the voltage and switching on
the electric field, the system ran for 30 min to collect the outlet cells. The cell concentrations in
the inlet and the outlet flow were determined via hemocytometry. New PDMS microchannel
and tubings were used for every run.

3. Experiments with the hybrid DEP system

The p-DADMAC coating solution was pumped into the microchannel and allowed to react
with the surface for 60 min and then cured by heat. Thereafter, the excess surface coating agent
was washed out by pumping DI water into the microchannel at a rate of 10 ul/h. After the
excess surface coating agent was washed out, the cell suspension was pumped in at a flow rate
of 100 pl/h. Similar to the uncoated DEP system, the hybrid DEP system was allowed to oper-
ate for 30 min, and the cell concentrations at the inlet and the outlet flow were determined to
evaluate the trapping efficiency of the system.
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IV. RESULTS AND DISCUSSION
A. Static cell adhesion on the coated glass substrates

Preliminary studies on the static cell adhesion on the coated glass substrates were done to
find the effective surface coating agent and coating conditions for enhanced cell adhesion in
order to implement it in the hybrid p-DEP system. Molecular structures of three coating agents
are illustrated in the supplementary material Fig. SI1.*° The cell adhesion to the surfaces is gen-
erally influenced by the electrostatic and hydrophobic interactions.>**'* The enhanced adhe-
sion of hydrophobic cells/charged cells to the hydrophobic/oppositely charged surfaces can be
related back to the hydrophobic/electrostatic interactions.®' Thus, it is important to investigate
the zeta potential (an indication of the cell/surface charge) and water contact angle (an indica-
tion of the surface hydrophobicity) of the coated surfaces. Since both E. coli and C. parvum,
when suspended in DI water, have comparable zeta potentials of about —16 mV and —15mV,
respectively, only E. coli was selected for static cell adhesion tests. Despite the hydrophobic na-
ture of C. parvum,** the role of hydrophobic interaction in E. coli adhesion is a controversial
issue.>*”* Thus, we chose to perform the static cell adhesion tests with E. coli as its greatest af-
finity towards either the charged or the hydrophobic surface is unclear. For all the three coating
agents, the impacts of different coating conditions on the enhancement of the E. coli cell adhe-
sion were tested, including: (1) the soaking time between the coating agent and the glass sub-
strate, (2) the coating agent concentration, and (3) the heat curing of the coated substrate. The
coating condition was optimized stepwise in order to achieve the maximum E. coli adhesion
(see in the supplementary material Fig. SI2*°). The optimal coating condition was chosen as
60 min of soaking time for all coating agents, for the efficacy of soaking time on cell adhesion
appears to flatten after 45 min. Therefore, at this coating condition, concentration of the coating
agents was 500 ppm for p-DADMAC, 1% (v/v) for APTES and TriF, and overnight curing at
70 °C for both the p-DADMAC and APTES-coated and 25 °C for TriF-coated surfaces.

The water contact angle measurements for the uncoated and the optimally coated surfaces
are summarized in Fig. 2(a). Both the APTES and TriF-coated surfaces displayed slightly
higher hydrophobicity than p-DADMAC-coated surface. The summary of the static cell adhe-
sion count of E. coli to the uncoated and the optimally coated surfaces is shown in Fig. 2(b).
Although the three coatings improved E. coli adhesion, the p-DADMAC-coated surface was
found to be the most effective in enhancing cell adhesion. Previous studies have shown that the
measured zeta potential of the p-DADMAC, APTES, and TriF-coated surfaces (in contact with
water) were about +60 mV,24 +7 mV,34 and —14 mV,35 respectively. It can be concluded that
p-DADMAC highly positive-charged surface (i.e., the electrostatic interaction) played an impor-
tant role in the enhanced adhesion of E. coli, which carried a high negative charge (zeta poten-
tial of about —16 mV when suspended in DI water). Studies show that in a low ionic strength
medium such as in water, the long-range electrostatic interactions (in this case, the attractive
electrostatic force due to the opposite charges on the surface and the cell) have exhibited the
dominancy in bacterial adhesion such as E. coli adhesion due to the higher zeta potential in the
medium (with the lower ionic strength).32

The static adhesion tests with the three optimally coated surfaces were also carried out for
C. parvum (Fig. 2(c)). It can be inferred that p-DADMAC-coated surface proved to be the most
effective surface for enhanced C. parvum adhesion. Despite E. coli’s tendency to adhere to all
coated surfaces, C. parvum only tended to adhere to the p-DADMAC-coated surface (p-value
< 0.05). This is in agreement with the claim of Drozd and Schwartzbrod regarding the negligi-
ble hydrophobicity of C. parvum®® and the assertion of Dai er al. about the prevailing role of
the oppositely charged surface in C. parvum adhesion to the surfaces.”* Dai er al. showed that
the adhesion of C. parvum due to the electrostatic interactions was irreversible, while the adhe-
sion provoked by the hydrophobic interactions can be reversible via dilution or washing.>* This
indirectly proposes that the cell adhesion to the hydrophobic surface may be susceptible to
change if the ionic strength (i.e., electrical conductivity) of the water sample changes.

In brief, both of C. parvum and E. coli cells were strongly adhered to the positively
charged p-DADMAC-coated surface by means of the electrostatic interactions. Subsequently,
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FIG. 2. (a) Water contact angle measurement of the uncoated glass (control) and coated glass. (b) E. coli and (c) C. parvum
adhesion to the uncoated glass (control) and coated glass. The coating parameters are the following: p-DADMAC (soaking
time: 60 min, coating concentration: 500 ppm, overnight curing: 70 °C); APTES (soaking time: 60 min, coating concentra-
tion: 1% (v/v), curing temperature: 70 °C, 8 h); and TriF (soaking time: 60 min, coating concentration: 1% (v/v), curing
temperature: 25 °C, 8 h). The areas used for cell adhesion calculations were 0.00067 cm?” and 0.00291 cm? for E. coli and C.
parvum, respectively.

adhesion of both the cells may tend towards an irreversible binding through the production of
specific ligands or proteins.’*?’ Hence, p-DADMAC is the best coating agent to employ for
further improvement of the trapping efficiency in the hybrid DEP system.

B. DEP characterization of cells

DEP characterization for both cells was done to determine the optimal condition (i.e., opti-
mal frequency) for applying the p-DEP force on cells. Thus, Re(fcy) was plotted against loga-
rithm of frequency to find the optimal frequency. Figs. 3(a) and 3(b) show the recorded capture
voltage and the critical voltage (release voltage) for E. coli and C. parvum, respectively,
between the frequency range of 50 kHz to 30 MHz. The critical voltage was employed to calcu-
late Re(fcy) by Eq. (9). The parameters used for calculations are listed in Table I. Figs. 3(c)
and 3(d) illustrate the calculated Re(fry,) in the same spectrum of the frequencies for E. coli
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FIG. 3. Capture and release voltage (critical voltage) for (a) E. coli and (b) C. parvum. Cell characterization curve for (c)
E. coli and (d) C. parvum. The value of Re(fc),) used for plotting the graph was calculated using the average critical
(release) voltages obtained from the experiment. The parameters used in the calculation are shown in Table I.

and C. parvum, respectively. The optimal frequency required for the p-DEP trapping of cells is
the frequency with the maximum Re(fcy,) (i.e., DEP force is the largest). Thus, according to
Figs. 3(c) and 3(d), the optimal frequency, respectively, for trapping both E. coli and C. parvum
is about 1 MHz.

Fig. 4 shows Re(fcy) for E. coli and C. parvum cells as compared with the value of
Re(fcy) calculated using the reported cell properties (permittivity and conductivity) and the
water sample conductivity of 1 mS/m for E. coli*® (using Eq. (11)) and C. parvum'® (through
Eq. (10)), respectively. The reason for the difference in Re(fcyy,) for E. coli in low and interme-
diate frequency regions can be due to the different strains of E. coli used in these two
researches (5k® versus UTIS89). Studies showed that bacterial cells such as E. coli with

TABLE 1. Parameters used for calculations of Re(fc)-

Parameters E. coli C. parvum

& 8.845 x 10"*F/m

&m 78

u 0.001 Pas

Viow 50 ul/h

Cell size a =0.85um r =2.3538 um
b= 0.4 um

Wall correction factor, f 8.8443 x 107! 1.1962

Shape factor, f> 1.2294 1.000

o|E 2v =1 16 14

- 1.7328 x 10 2.7728 x 10

ox
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FIG. 4. The value of Re(fcy) for E. coli (a) and C. parvum (b) plotted based on the recorded critical voltage and compared
with that calculated using the reported cell properties in the literature.

different strains or serotypes can have relatively different Re(fcp).>**' The small shift in
Re(fcp) for C. parvum can be attributed to the storage duration and condition of the C. parvum
samples. Kuhnert-Paul suggested that during the storage of C. parvum, the permeability of
oocysts can increase relatively fast over time, and their morphology can change depending on
the storage temperature and duration.** Hence, it can affect the ion content and the electrical
properties of the cell, resulting in a slight shift in plot of Re(fcy,) for C. parvum.

In DEP characterization, the low flow rate of 50 ul/h and small 1 mm-wide microchannel
were used to facilitate the observation of the cell behavior in the DEP microfluidic system.
However, for the subsequent experiments, a 3 mm-wide microchannel was used with an
increase in flow rate to 100 pul/h. A wider microchannel provides an increase in the available
areas for trapping cells, which are the edges of the microelectrodes (the region of the electric
field maxima). In addition, a higher flow rate would mean a higher throughput, and thus reduce
the required operation time to process each sample. Hence, by relating back Re(fcy) to the crit-
ical voltage using the new flow rate, at the same optimal frequency, the new critical voltage
was evaluated for E. coli and C. parvum as 0.74 and 2.42 V,,, respectively, to use as the base
voltage to trap the cells. Meanwhile, a higher flow rate was not chosen for the experiments as a
higher voltage is required to trap the cells, which can cause the adverse impact on the cell via-
bility (i.e., transmembrane voltage and Joule heating).*’

C. Performance of the uncoated DEP system

The performance of the DEP system, including the microfluidic channel with the inter-
digitated microelectrodes, against voltage was evaluated based on the efficiency of the DEP cell
trapping. The trapping efficiency can be formalized by equation

Cintet —C
Trapping Efficiency = M x 100%, (12)
inlet

where Cj,.; is the concentration of cells in the microchannel inlet and C,,.; is the concentra-
tion of cells in the microchannel outlet.

Figs. 5(a), 5(b), 6(a), and 6(b) demonstrate the improvement of the p-DEP cell trapping as
a function of applied voltage in the uncoated DEP system. The applied voltage was incremen-
tally increased starting from the voltage around the critical voltages for E. coli and C. parvum
cells, respectively. These figures clearly indicated the increase in trapping efficiency by an
increase in voltage (at the optimal frequency). According to Fig. 5(a), despite the initial out-
standing improvement rate in trapping efficiency of E. coli cells versus the voltage, the rate of
improvement of trapping efficiency decreases with the further increase of voltage due to the sat-
uration of inter-electrodes gap. Besides, due to the increased local cell volume fraction at high
voltages, the drag force on cells would likely to increase as a result of enhanced apparent
viscosity.** Thus, this effect may slightly counteract the cell trapping improvement due to
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FIG. 5. (a) Change of trapping efficiency for E. coli cells with respect to voltage in an uncoated DEP system and (b) its re-
spective fluorescent and optical microscopic images (at t=30s). (c) Trapping of E. coli cells in an uncoated and coated
(hybrid) DEP system with electric field on and subsequently turning it off (at # =300s). Length of scale bars =30 um.

pearl-chaining. This can lead to change in the flow field and decrease in electric field on the
subsequent incoming cells due to presence of the retained cells that impacts further cell trap-
ping.*>™*" Unlike E. coli trapping displayed in Fig. 5(b), saturation of the electrodes was not
observed in for C. parvum at high voltages (Fig. 6(b)). This could be due to the low number
(the low inlet concentration) of C. parvum in the suspension. Nonetheless, pearl chaining of C.
parvum cells was observed similar to E. coli at high voltages (2.5 V,p,, 4 V,p, and 7 V). The
pearl chaining of cells, which was due to the interaction of the oppositely charged regions on
the cells, in the initial trapping stages, can enhance the trapping of cells rapidly before the
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inter-electrode gaps get saturated.*®*° However, the reduction in the improvement rate in C.
parvum trapping by increasing voltage from 4 V,, to 7 V,,, was similarly observed.

That the trapping efficiency of E. coli in a voltage slightly higher than its critical voltage
(I Vpp) was observed to be less than the trapping efficiency of C. parvum at a voltage lower
than its critical voltage (1.5 V) [Figs. 6(b) and 6(c)]. This can be imputed to the higher
Re(fcy) of C. parvum at the optimal frequency as well as slightly higher applied voltage. It is
noteworthy to remark that more cells were trapped at the sections away from the microchannel
center attributed to lower flow velocity (as the result of parabolic flow regime) compared to the
middle section. Besides, the electric field and the flow pattern were assumed to be not affected
considerably due to the use of the p-DADMAC coating as it had formed a very thin layer.

D. Performance of the hybrid DEP system

A hybrid DEP system incorporated the p-DADMAC-coated surface in the DEP microfluidic
system. Two aspects of the hybrid DEP system were assessed, viz., quantitative evaluation of
trapping efficiency of the hybrid DEP system and sustainability of the trapped cells when the
electric field was switched off later. The DEP trapping experiments were conducted at the fre-
quency of 1 MHz and at a voltage (2 V, for E. coli cells and 2.5 V,, for C. parvum cells) that
was low enough to clearly show the effectiveness of the hybrid DEP system. Meanwhile, the
chosen voltage was slightly higher than the critical voltage, as reported earlier, to promote the
pearl chaining of cells for the enhanced cell trapping. Care was taken to ensure that the chosen
voltage was low enough not to saturate the electrode gaps.
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FIG. 6. (a) Change of trapping efficiency for C. parvum cells with respect to voltage in an uncoated DEP system and (b) its
respective optical microscopic images (at t=30s). (c) Trapping of C. parvum cells in an uncoated and coated (hybrid)
DEP system with electric field on and subsequently turning it off (at # =300s). Length of scale bars =30 um.
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The microscopic images on the improvement of cell trapping in the hybrid DEP system as
compared to the uncoated DEP system are shown in Figs. 5(c) and 6(c) for E. coli and C. par-
vum, respectively, and the quantitative results of this comparison are shown in Table II. The
trapping efficiencies of E. coli and C. parvum cells were found to increase from 29.0% = 1.2%
and 61.3% = 11.8% in the uncoated DEP trapping system to 51.9% = 5.5% and 82.2% * 1.5%,
in the hybrid DEP trapping system, respectively. Thus, the hybrid DEP system was found to
enhance the trapping efficiency of E. coli and C. parvum by 79% and 34%, respectively. This
improvement was due to the p-DADMAC-adhesive coating in the hybrid DEP system inducing
the excessive pearl-chaining formation as evident in Figs. 5(c) and 6(c). In addition, the p-
DADMAC coating can aid in the trapping of those cells flowing close to the electrodes that
might not otherwise trapped by p-DEP force because of the weakened electric field due to the
presence of former trapped cells.

The enhancement of trapping efficiency of C. parvum in the hybrid DEP system (34%) was
not as large as that of E. coli. The reason may be the difference in the cell size, which makes
smaller-sized E. coli transport or diffusion easier than C. parvum. The other reason may be
related to the steric repulsion of specific extra-cellular structures on C. parvum cell surface. In
a study by Kuznar et al., the presence of the macromolecules on the surface of viable C. par-
vum was identified as a limitation to the adhesion to surfaces.>’° These macromolecules,
which include proteinaceous materials, form a brush-like structure that can result in steric repul-
sion once the C. parvum cells and surfaces initially contact.”’~° Nonetheless, the performance
of the hybrid DEP system for trapping C. parvum at 2.5 V,, is equivalent to that of the
uncoated DEP system at 7 V,,, reflecting that the hybrid DEP system has equal trapping effi-
ciency for C. parvum compared to the uncoated DEP system, but with application of about
three times less power input. For E. coli, the application of the hybrid DEP system may not
contribute significantly to the power-saving as a slight rise in voltage, from 2 to 2.5 Vp, (in an
uncoated DEP system), can improve the trapping efficiency to the same extent. This can be due
to more responsive trend of trapping E. coli to the enhancement of the applied voltage.

After switching off the electric field, the percentage of the sustained trapped cells in the
system (including the first three microelectrodes) was evaluated. In the uncoated DEP system,
by disrupting the electric field, there was an immediate release of cells, especially those that
were involved in the formation of the pearl-like chains, since they could not sustain induced
charges and the subsequent dipole-dipole interactions. About 70% of E. coli cells remained
adhered in the hybrid DEP system when the electric field was off. In the uncoated DEP system,
it was found to be only about 20%. Similarly, 97% of C. parvum cells remained adhered in the
hybrid DEP system when the field was off. On the other hand, 75% of C. parvum cells was
found adhered in the uncoated DEP system. These comparisons indicate the effectiveness of the
p-DADMAC coating in retention of cells on the electrodes.

DEP trapping has been used to separate other contaminants from water, including microal-
gae and clay particles. Suscillon et al. have investigated the trapping of a microalgae
(Chlamydomonas reinhardtii) in a batch mode in heterogenous media.>! Since they employed
two microelectrodes with a 2mm wide spacing, a high voltage (40 Vgrys) had to be used to
impart enough DEP force to reach 80% efficiency cell trapping. Conversely, our hybrid
DEP system not only is capable of continuous cell trapping but also can achieve the same trap-
ping efficiency (~80%) using much less voltage. For C. parvum and E. coli cells, 2.5 V,

TABLE II. Trapping efficiency with and without p-DADMAC surface coating at 1 MHz and 2 V,,, for E. coli and 2.5 V
for C. parvum.

Trapping efficiency (%)

Without surface coating With p-DADMAC coating Percentage improvement (%)

E. coli 29.0*1.2 51955 79
C. parvum 613 *=11.8 822*1.5 34
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(~0.9 Vrms) and 5 V,, (~1.8 Vgys) are required to achieve the same trapping efficiency,
respectively. Fatoyinbo er al. separated flowing clay particles (large size and mainly in the
range of 10—1000 um) from water at the flow rate of 1.02ml/h and used a slightly larger volt-
age, i.e., 10 V,, (3.5 Vrums), as the viability was not a concern. They obtained a comparable
trapping efficiency (~80%).’* It is worthy to note that DEP trapping of large size particles/cells
is easier and hence requires lower voltage (Fpgp ~1°). Consequently, the low applied voltage to
trap smaller size cells in our case further proves the efficiency of the hybrid DEP system.

For the immune trapping of cancer cells, Huang et al. used a DEP-assisted capturing of
three types of pancreatic cancer cells and peripheral blood mononuclear cell (all large size,
10—17 um)."® The cancer cells trapping was motivated by p-DEP and the peripheral cells trap-
ping was hindered by the n-DEP impact. The 6V, voltage at the flow rate of 0.2ml/h was
employed. The reported capture probabilities (reported instead of capture efficiency) are
between 0.05 and 0.3 for each of the cancer cells, which is lower than our reported 80% cell
trapping efficiency.

The adhesion of E. coli and C. parvum on the p-DADMAC-coated surface after switching
off the electric field can be explained by a widely established theory.>**> The adhesion of cells
happens in two steps: the initial reversible attachment and then the final irreversible attachment.
The first step includes the cell transport to the vicinity of the solid surface for the initial attach-
ment. The involved forces are van der Waals forces (attractive in nature), electrostatic forces
(attractive due to the opposite charges of cells and the p-DADMAC-coated surface), and hydro-
phobic interactions. The next step involves fixation of cell on a solid surface, for E. coli cells,
through producing exo-polysaccharides and/or specific ligands, such as pili or fimbriae®” and,
for C. parvum cells, through protein-linked haltering®’ that arises in contact with a surface. To
conclude, cells were pulled by a combination of forces, including p-DEP, van der Waals, and
attractive electrostatic interactions, towards the close proximity of the p-DADMAC-coated sur-
face. As a consequence, cells had sufficient time to electrostatically interact and fixate on the
surface. Thus, they could endure the drag force due to fluid flow in the later absence of an elec-
tric field. The immobilized cell, after switching off the electric field, can be employed for fur-
ther possible cell patterning applications or required biological testing and processing, such as
on-chip Polymerase chain reaction and electrofusion.

To clean the microchannel (including microelectrodes), that is, to remove adhered cells and
reuse the device, as suggested by Gomez-Suarez et al., the microchannel can be washed by the
air-liquid-interface detachment technique. In this technique, a series of air bubbles along with
DI water were injected into the system to create a surface tension detachment force until no
more improvement was observed with the subsequent washing.53 However, the shear stress
resulted from the fluid flow should be controlled to prevent the unbinding of PDMS from ITO-
glass and consequently microchannel leakage. Switching the operation of the DEP microchip
from p-DEP to n-DEP in conjunction with the application of high shear force can also be uti-
lized in order to induce the detachment of the cells.”* To work in n-DEP mode, it is recom-
mended to change the medium to a high conductive medium such as PBS to operate in high
frequency regions to prevent the microelectrodes deterioration due to the short bridging.

V. CONCLUSION

This study explored the potential application of a novel microfluidic system to separate and
detect two waterborne infectious agents, E. coli, a bacterium and C. parvum, a protozoan para-
site for the microbial assessment of water. A hybrid DEP system, which couples p-DADMAC-
surface coating with the DEP microfluidic system, was used for the enhanced cells trapping
that might otherwise be limited in an uncoated DEP system. Initial cell adhesion test on the
coated glass substrate portrayed that surface charge could be a dominant factor for cell adhesion
of both E. coli and C. parvum. Thus, p-DADMAC, a cationic polymer, found to be the most
effective surface coating in the adhesion of both cells at the optimal coating conditions of
60 min soaking time, with 500 ppm concentration, and overnight curing at 70°C. The optimal
frequency of 1 MHz was found through characterization experiments for applying the largest
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p-DEP force on both types of cells. Furthermore, it was also observed that in an uncoated DEP
system, p-DEP trapping efficiencies of both cells are proportional to the applied voltage with a
slightly decreasing rate of improvement at higher voltages. At a frequency of 1 MHz and 2 V,
for E. coli cells and 2.5 Vy,, for C. parvum cells, in an uncoated DEP system, the trapping effi-
ciency of E. coli and C. parvum rose from 29.0% and 61.3% to 51.9% and 82.2% in the hybrid
DEP system, respectively, due to the amplification of cell pearl-chaining. To conclude, the
hybrid DEP system has shown power-saving by achieving similar efficiency as compared to the
uncoated DEP system for C. parvum at the frequency of 1 MHz with about three times lower
applied voltage (2.5 V). On the other hand, trapping of E. coli in the hybrid DEP system at 2
Vpp exhibited comparable trapping efficiency as the uncoated DEP system at a marginally
higher voltage (2.5 V).
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